Abstract This paper deals with a simple FTO/p-n heterojunction electrode assembly formed by BiVO 4 and NiO thin films, where the precursor solution is obtained by solution combustion synthesis and precipitation in aqueous media techniques, respectively, whereas the thin films were deposited by the dip-coating deposition process. The FTO/p-n electrodes are characterized by X-ray diffraction, scanning electron microscopy, Raman spectroscopy and UV-Vis spectroscopy. The performance analysis based on the methylene blue degradation reaction have shown that the p-n electrodes, FTO/p-NiO/n-BiVO 4 and FTO/n-BiVO 4 /p-NiO have higher electroactivity under visible light irradiation condition when compared to single BiVO 4 thin film, deposited separately, with estimated k obs value of 340 9 10 -4 min -1 , 270 9 10 -4 min -1 and 150 9 10 -4 min -1 , respectively.
Introduction
The recent stage of environmental degradation has led the World population to become aware and somehow fighting for the natural environment preservation. The ''sustainability'' term is becoming increasingly common in public policy proposals from all over the World. It shows the great global concern with the preservation of the environment, and thus has provided the development and encouragement of scientific projects guided by sustainability. In this context, the development of new technologies and new materials that may be used in preserving and protecting the environment, has become an increasing interest issue [1, 2] .
Photocatalysis and photoelectrocatalysis are potential tools to treat the environmental preservation problem, more specifically in decontaminating wastewater. To accomplish that, it may be used a photoactive semiconductor material such as TiO 2 [3, 4] or ZnO [5, 6] . One of the main problems of photocatalysis is the recombination process of photogenerated electron-hole pairs, which greatly limits the use of such methodology. In the photoelectrocatalysis, the effect of recombination process is minimized by the action of the applied potential to the system, forcing the flow of photogenerated electrons to the counter-electrode. However, the applying potential does not guarantee the complete inhibition of recombination, where a small recombination percentage of photogenerated electron-hole pairs takes place, leading to a slightly decrease in the technique efficiency [7] [8] [9] .
The combination of photoactive semiconductor materials as heterojunctions seems to be an interesting approach, where a well designed interface may lead to photoinduced charge separation and the suppression of electron-hole recombination. Heterojunctions using transparent oxides deposited on top of traditional semiconductors have been presented recently, with many sort of applications. Highquality ZnO films have been grown on top of GaAs, forming a heterojunction with characteristic of rectifying diode, with blue-violet and infrared electroluminescence [10] , suitable for optical fiber telecommunications applications. Promising devices for the development of solid-state lighting were achieved by n-ZnO/n-GaAs heterostructured light-emitting diodes [11] . The combination of SnO 2 with Al 2 O 3 layer deposited by a combination of simple techniques: dip-coating/resistive evaporation respectively, has led to a device with potential application as transparent transistors [12] .
The deposition of heterojunctions with smooth and atomic quality surfaces has become a possibility since the late 60s, when the growth of epitaxy layers became available. This sort of deposition may lead to the formation of a quantum well at the interface, due to the interrupting atomic band diagrams of distinct materials. This quantum well may present energy levels below the conduction band bottom of one or both materials and, may give birth to a two-dimensional electron gas (2DEG). The interface of semiconductor heterojunctions carries intrinsic states, and the Fermi level at the surface is different from the bulk, giving origin to a band bending [13] . A triangular quantum well forms at the semiconductors interface, usually referred to as the heterointerface. Normally, only the quantum mechanical ground state in the triangular well is populated, but the excited levels can be filled with the application of an electric field. A 2DEG has recently been also found at the interface between two insulating oxides LaAlO 3 and SrTiO 3 [14] , attracting significant interest due to possible applications in all-oxide electronic devices, and has stimulated intense research activity in this field. Other similar publications related to 2DEG formation can also be found in the recent literature [15, 16] . SnO 2 /GaAs heterojunctions thin films deposited by similar procedure as used in this paper have been successfully obtained, giving birth to smooth interface and improved electrical properties [17, 18] .
Positive-negative (p-n) heterojunctions emerge as interesting strategy to suppression of electron-hole pairs recombination effect and increase of the quantum efficiency [19] [20] [21] [22] . Besides, an appropriate combination of pn layers may lead to advantages concerning the photo-excitation. For instance, photo-excitable semiconductor materials have advantages compared to other materials when they can be excited by visible light, because the sunlight is available to be used, reducing operating costs in a practical application. Moreover, it must necessarily be chosen a non-toxic material to human health, presenting high chemical stability, including high photocorrosion resistance [23] [24] [25] . Considering the non-toxicity and high chemical stability, the semiconductors BiVO 4 and NiO have been extensively studied in isolated form. They also have been used to form p-n junctions with other semiconductors. In both cases, they have used in the degradation of organic compounds in aqueous medium [19, [22] [23] [24] [25] [26] [27] . Zhang et al. [21] evaluated the photocatalytic properties of TiO 2 /BiVO 4 composite photocatalysts synthesized by the one-step microwave hydrothermal method, and showed that this combination has higher photocatalytic activity in the rhodamine B degradation when compared to pure BiVO 4 . In other paper, Wang et al. [27] prepared Cu 2 O/BiVO 4 p-n junction through coupling a hydrothermal process with polyol strategy. The higher photocatalytic activity for the methylene blue degradation is due an effective reduction in the recombination of electron-hole pair by p-n junction than pure BiVO 4 and Cu 2 O. More recently, Zhang et al. [20] evaluated the photocatalytic properties of CuO/BiVO 4 composite photocatalysts prepared by modified metalorganic decomposition and impregnation methods, respectively, and the results have shown that 5 wt% CuO on BiVO 4 surface leads to the highest photocatalytic activity for methylene blue degradation reaction. The heterojunction of BiVO 4 and NiO, discussed in this work, has been reported a few times, but with samples in different shapes [22] compared to the format reported here.
Considering that the combination of BiVO 4 with NiO as a p-n junction is not properly studied in the literature so far, the present work deals with a simple and efficient methodology for obtaining thin films of p-NiO/n-BiVO 4 heterojunctions deposited on fluor-doped tin dioxide (FTO) substrate. The main goal is to demonstrate that the electrode formed by this p-n junction exhibits higher photocatalytic activity towards the methylene blue dye degradation reaction when compared to these semiconductor materials deposited in an isolated way. Besides the role of the interface phenomena is investigated concerning the suppression of electron-hole recombination. The results show that this p-n heterostructure within a specific architecture emerges as a potential electrode material that can be used in a real situation of decontaminating wastewater.
Experimental

Synthesis of n-BiVO 4 and p-NiO semiconductor solutions
The BiVO 4 n-type semiconductor precursor was obtained by the solution combustion synthesis (SCS) technique, adapted from widely published procedures [7, 9, [28] [29] [30] . First, a bismuth precursor solution was prepared by adding 2.4 g of Bi (NO 3 ) 3 Á6H 2 O (Sigma-Aldrich, p.a.) and 1.0 g of citric acid (Sigma-Aldrich, p.a.), which were dissolved in 100 mL of 1.5 mol L -1 HNO 3 (Sigma-Aldrich, p.a.), leading to a colorless solution. Then, the pH of this solution was adjusted to 7-8 by dripping concentrated ammonium hydroxide. Finally, 2 g of urea was added to this solution, which plays the role of combustible for the self-sustainable reaction of the SCS technique [29] [30] [31] . The synthesis process was continued through the preparation of the vanadium precursor solution by adding 1.0 g of citric acid and 0.6 g of (NH 4 ) 3 VO 4 (Sigma-Aldrich, p.a.), which was dissolved in 100 mL of deionized water at 80°C, remaining under stirring for 20 min, originating a yellowish solution. The colorless and yellowish solutions were mixed together and left in a muffle oven at 85°C for 20 h, giving birth to a material with gel consistency and intense green color. This green gel was diluted in 50 mL of deionized water, resulting in a greenish solution that was called solution ''A'', which was used as precursor solution for the BiVO 4 thin film deposition.
The NiO p-type semiconductor solution was obtained by precipitation in aqueous media, also adapted from widely published procedures [32] [33] [34] . Firstly, 100 mL of 0.5 mol L -1 Ni(NO 3 ) 2 Á6H 2 O (Sigma-Aldrich) was prepared. Then, its pH was adjusted to 7-8 by the slowly addition of concentrated NH 4 OH (Merck). This condition assures the precipitation of Ni(OH) 2 , because its K PS is 5.46 9 10 -16 , yielding a green opaque colloidal suspension with Ni(OH) 2 particles, that was called solution ''B''. This solution ''B'' was used for deposition of NiO thin film on p-n junction electrode.
Construction of p-n junction on FTO electrode
The procedure to obtain the p-n junction electrodes is illustrated in the diagram of Fig. 1 . The solution ''A'' was used to deposit BiVO 4 thin film on Fluor-doped tin oxide (FTO) conductor substrate, where the substrate is sequentially dipped according to the desired number of layers, by using the dip rate of 10 cm/min. Between each deposited layer, the sample is dried for 10 min in room atmosphere, followed by heating at 300°C for additional 10 min. When the desired number of layers is reached (in the present case it corresponds to ten layers), the film is thermally annealed at 400°C for 4 h. The same procedure was utilized to deposit NiO thin film, using the solution ''B''. Two electrodes were confectioned as follows: (1) ten layers of BiVO 4 deposited on FTO substrate, followed by ten layers of NiO deposited on top of the BiVO 4 film, forming the FTO/n-BiVO 4 /p-NiO electrode. (2) Ten layers of NiO deposited on FTO substrate, followed by ten layers of BiVO 4 deposited over NiO, forming the FTO/p-NiO/nBiVO 4 electrode.
Thin film heterojunction characterization
X-ray diffraction (XRD) measurements were carried out using a PANalytical diffractometer, model X'Pert PRO MPD, with the CuKa (1.5418 Å ) radiation, coupled to a nickel filter, in order to reduce the unfavorable CuKb radiation. The applied tension was 40 kV and the current was 30 mA. The scanning range was from 10°to 80°, with regular step of 0.05°s 
Methylene blue degradation test
The methylene blue (MB) degradation test was carried out by chronoamperometry technique, with controlled potential of ?1.4 V during different degradation times in 0.1 mol L -1 KCl electrolyte solution. A conventional one compartment electrochemical cell with three electrodes were used for the degradation experiments, where an Ag/ AgCl (1 mol L -1 KCl) electrode was used as reference electrode, a platinum wire (10 cm long and 0.5 mm of diameter) was the counter-electrode, and the p-n junction electrode, deposited on fluorine-doped tin oxide (FTO conductor substrate, as just described in the previous section), was used as working electrode (the geometrical electrode area in contact with the solution is set to 1 cm 2 ). The light irradiation in the electrochemical system is done through a Philips dichroic lamp with a power of 50 W at an applied voltage of 12 V. This light source presents wide spectra, with emission from k C 400 nm. It must be mentioned that illumination was done in the front part of the p-n junction electrode. A potentiostat/galvanostat AUTOLAB 84057, version 4.9, was used for data collecting. After degradation, UV-Vis spectra of the remaining solution were taken and used to verify the relative (percentage) amount of MB that had vanished. The adopted parameter was the decreasing of the MB optical absorption band maximum, taken at approximately 665 nm. These spectra were taken just after the chronoamperometry measurements. In the diffractograms of samples 3 and 4 it is possible to observe a mixed of the fcc NiO and monoclinic BiVO 4 phases (as marked with symbols at the diffracted peaks). Then, it is clearly shown that both phases are present, besides we believe that regions of mixed phase may take place on sample surface, due the prolonged thermal annealing time, as previously discussed in another paper [7] . Images of SEM, as shown in the upcoming discussion, evidence that.
Results and discussions
SEM images of films containing only the material NiO and only BiVO 4 with ten deposited layers on FTO substrate are seen in Fig. 3 . The image of the NiO film surface (Fig. 3a) is rather homogeneous, but with different particles format, being formed of intermingled plates randomly distributed mixed with some round-shaped particles. The image of the BiVO 4 film surface (Fig. 3b) is also quite homogeneous, being formed of round-shaped particles uniformly distributed throughout the investigated area. SEM images with different magnifications of p-n heterojunctions thin films deposited on FTO substrate are seen in Fig. 4 . Figure 4a -c correspond to FTO/n-BiVO 4 /p-NiO (as described on the experimental procedure), where the shown images of the n-p heterojunction surface are similar to the NiO surface (Fig. 3a) , with intermingled plates randomly distributed mixed with some round-shaped particles. The distribution of particle formats is rather irregular in Fig. 4a -c, in good agreement with the image shown in 3a, of single NiO film. The Fig. 4d-f correspond to the p-n heterojunction sample FTO/p-NiO/n-BiVO 4 . In this former case, the images allow seeing particles with different size and irregular shape, some spherical and others with nondefined shape. Moreover, the different size and irregular shape of BiVO 4 particles over NiO thin film or vice versa, which is more pronounced when NiO is the top layer, leads to non-homogeneous surface with deep regions formed by NiO channels surrounded by BiVO 4 aggregate particles or vice versa. Looking at Fig. 4a, b , it seems that both sort of materials show up at heterojunction surface, justifying the presence of both peaks at Fig. 2 (XRD) . Although it may be an undesirable effect for an electronic device, it may be very useful for photoelectrocatalysis electrode design, because this non-uniformity on the surface distribution leads to a high roughness surface which implies in a higher surface area. This characteristic leads to a higher adsorption of molecules in the deeper channels, which means greater efficiency in the photoelectrocatalytic system. The Raman spectra of BiVO 4 and NiO samples, deposited as isolated thin films, and p-n heterojunction film samples, deposited on FTO substrate, are shown in Fig. 5 . In the Raman spectra of single BiVO 4 film four peaks are observed: about 830 and 708 cm -1 corresponding to symmetric and asymmetric stretching of vanadium-oxygen bound, respectively, and about 372 and 326 cm -1 are related to the symmetric and asymmetric deformations of VO 4 -3 group, respectively. This result is in good agreement with some published reports [35] [36] [37] . Concerning the Raman spectra of single NiO film five peaks are observed. According to Mironova-Ulmane et al. [38] and Marciuš et al. [39] the typical Raman scattering on nickel oxide films are a result of one and two-phonon excitations as well as two-magnon excitations. The peak at about 1480 cm -1 corresponds to two-magnon (2 M) band F excitations [38, 40] . Raman peaks located at 540 and 410 cm -1 correspond to nickel-oxygen stretching mode [41, 42] , assigned to the first order transverse optical (TO) and longitudinal optical (LO) phonon modes of NiO thin film, respectively, which are in good agreement with reported values by Gowthami et al. [42] and Xu et al. [43] . The peaks at 1100 and 723 cm -1 are due the two-phonon 2LO and 2TO modes [39] . About the p-n junction, NiO/BiVO 4 thin film, it is possible to observe the characteristic peaks of single NiO and BiVO 4 . These results are in very good agreement with XRD and SEM results, previously discussed, where was possible to identify diffraction peaks of the two material and observe a mixtures of NiO and BiVO 4 phases in the samples surfaces. These features are probably caused due the prolonged thermal annealing time.
UV-Vis optical absorption data for samples 1, 2, 3 and 4 are shown in Fig. 6 . The absorption edge of sample 1 (Fig. 6a) , corresponding to NiO film alone, occurs at about 350 nm, UV region, typical of this semiconductor material [34, 44] . The inset in Fig. 6a shows the bandgap energy evaluation, considering direct bandgap transition for NiO [44] , where the plot of (ahm) 2 versus (hm) yields a bandgap of 3.4 eV. The absorption edge of sample 2 ( Fig. 6b) , corresponding to BiVO 4 film, occurs at about 515 nm in the visible light region with a bandgap energy value of 2.4 eV (inset in Fig. 6b ). This bandgap value is typical of monoclinic BiVO 4 material [7, 9, 29, 30, 35] . The UV-Vis spectra of the heterojunction materials, samples 3 and 4, corresponding to p-n NiO/BiVO 4 and n-p BiVO 4 /NiO films, are shown in Fig. 6c, d , respectively. It is possible to observe that the absorption edge is similar for both samples, with higher energy compared to BiVO 4 film and lower energy compared to NiO film. The inset of Fig. 6c, d correspond to bandgap evaluation for the heterojunction samples, considering direct bandgap transition, since this is the case for both semiconductor materials. A small shift in the position of fundamental absorption edges of p-n junction, compared to single BiVO 4 , is observed, leading an increase of the bandgap energy, with slightly different values of 2.55 and 2.59 eV to samples 3 and 4, respectively. The observed behavior is typical of p-n junction materials, as discussed in some papers [19, 20, [22] [23] [24] [25] 45] . Figure 7 shows UV-Vis absorption spectra of the MB solution after photoelectrochemical degradation with single BiVO 4 film (Fig. 7a) , and with the p-n junction films, BiVO 4 /NiO (Fig. 7b) and NiO/BiVO 4 (Fig. 7c) , in 0.1 mol L -1 KCl electrolyte. The electrolysis was carried out by chronoamperometry with ?1.4 V versus Ag/AgCl controlled potential, under visible light irradiation condition, where it was used a Philips dichroic lamp. It is possible to observe that both materials are electroactives face to the MB degradation as verified by the decrease of absorption band of MB measured at about 655 nm. 
However, the p-n junction electrodes configurations have shown electrocatalytic activity higher than single BiVO 4 , where 45 % of MB was decomposed by single BiVO 4 and 65 % and 75 % of MB was decomposed by BiVO 4 /NiO and NiO/BiVO 4 , respectively, for the same exposition time (40 min). Figure 7d shows the decrease of MB concentration as a function of reaction time. The decay profile of the curves suggests that both processes follow first-order kinetics. The rate constant of the reaction (k obs ) can be easily evaluated, as widely published [7, 29, 30, 35] . The rate constant values obtained are also summarized in is observed that the rate constant of MB degradation by p-n function electrodes is higher than single BiVO 4 film. Due to the visible light spectra, used for the sample excitation, a comparison with the single NiO film sample is not adequate, because the NiO bandgap is about 3.5 eV, in the UV range, whereas the Philips dichroic excitation source presents emission from k C 400 nm.
Although the proposal is the integration of n-type BiVO 4 and p-type NiO layer-by-layer as thin films, as described in the experimental section, a rather distinct number of smaller p-n junctions were formed on surface of the heterojunction, as obtained from the results of XRD and SEM, as described previously. Therefore, Fig. 8a depicts the film surface as revealed by the results, showing a number of possible p-n junctions. In this illustrative design, yellow balls correspond to BiVO 4 material and the gray color in the background corresponds to NiO. So, based on the band-edge potential positions of these two semiconductors, we proposed a photoelectrocatalytic mechanism to explain the higher degradation percentage of MB by the p-n heterojunction electrode. The band-edge positions of the conduction band and valence band can be determined using the following empirical equation [21] :
where E VB is the valence band-edge potential position and E CB is the conduction band-edge potential position, v is the absolute electronegativity of the semiconductor (v is 6.04 eV [46] and 5.91 eV [47] respectively), E e is the energy of free electrons on the hydrogen scale (*4.5 eV) and E g is the band gap energy of the semiconductor (E g are 2.4 and 3.4 eV for BiVO 4 and NiO [35] , respectively). According to empirical Eqs. (1) and (2), E VB and E CB estimated values of BiVO 4 correspond to 2.75 and 0.33 eV versus Ag/AgCl, respectively. To the NiO semiconductor, E VB and E CB estimated values correspond to 3.13 and -0.31 eV, respectively. From these band-edge potential positions, a schematic energy diagram of charge transfer between p-type and n-type semiconductors, was constructed and can be seen in Fig. 8b . In the FTO/p-NiO/n-BiVO 4 electrode configuration (meaning BiVO 4 deposited on NiO), the electrode surface is formed of a higher concentration of BiVO 4 particles (yellow circles) along with a few disperse NiO particles (represented by the gray color in the background), as observed in Fig. 8a . Then, under visible light irradiation from the dichroic lamp source, electron-hole pairs are generated in the BiVO 4 surface, as shown by vertical green arrow in Fig. 8b . Simultaneously, part of visible light radiation of smaller energy (higher wavelength) cause a simple excitation of valence band electrons to the Ni 2? vacancy level which is an acceptor trap (represented by A -in Fig. 8b with green color), since there is not energy enough for generation of electron-hole pairs in this material [34] . In this case, an increase in the holes density is obtained in the valence band of NiO. Thus, these holes are injected on valence band of BiVO 4 , since holes tend to float, and the valence band-edge potential position is lower for NiO compared to BiVO 4 . Then, the BiVO 4 surface-photogenerated holes lead to the generation of
• OH type radicals, through water oxidation, which is a fundamental aspect in processes of MB degradation, related to the attack to the chromophore group of this molecule [7, 9, 48, 49] . Then, the overall result is a suppression of electron-hole pair recombination process, because electrons and holes stay in different regions of the device: the photogenerated electrons from the conduction band of BiVO 4 are injected in the Ni 2? vacancy level of NiO, due to the effect of the inner electric field, and the holes, coming from the valence band of NiO are injected on the valence band of BiVO 4 , reacting with MB at device surface, as shown in Fig. 8b . In order to maintain the heterojunction overall charge neutrality, electrons from NiO and BiVO 4 materials, not trapped at Ni 2? vacancy defect levels, are injected into the FTO substrate and transferred to the counter-electrode, by the electrochemical bias applied to the system, where a chemical reduction reaction occurs. Then, the BiVO 4 particles on film surface, as shown by illustrative drawing in the Fig. 8a , are the reactive centers of p-n junction film.
In the other hand, in the FTO/n-BiVO 4 /p-NiO electrode configuration (meaning NiO deposited on BiVO 4 ), although the same effect is observed, the efficiency in MB degradation is a rather lower, as shown by the kinetic parameters exhibit in Table 1 . This effect is due to the concentration of reactive centers available on the film surface, the BiVO 4 particles, which is lower in this case, when compared to FTO/p-NiO/n-BiVO 4 electrode configuration.
Conclusion
The obtained results of XRD, SEM, UV-Vis optical spectroscopy and Raman spectroscopy have shown that the precipitation in an aqueous medium and solution combustion synthesis techniques concomitant with the dip-coating deposition process leads to interpenetrating film layers of BiVO 4 and NiO, as p-n heterojunctions, which are very efficient for methylene blue degradation in photoelectrocatalysis processes, compared to the single BiVO 4 thin film. The performance analysis have also shown that the pn electrodes, FTO/NiO/BiVO 4 (meaning BiVO 4 deposited on top of NiO) have better efficiency and higher electroactivity for MB degradation when compared to FTO/ BiVO 4 /NiO (meaning NiO deposited on top of BiVO 4 ), under visible light irradiation condition, with estimated k obs value of 340 9 10 -4 min -1 and 270 9 10 -4 min -1 , respectively. This performance is explained by a simple model, taking into account the relative position of energy bands and photo-induced free carries move.
The investigation presented in this paper shows that, although the phase mixtures on the top layer is not a desirable result for electronic applications, it is quite interesting for decontamination procedures. The methylene blue degradation results reveal that this sort of heterostructure, within a specific architecture, emerges as a potential electrode material that can be used in a real situation in decontaminating wastewater.
